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FOREWORD 
The cryogenic capac i to r  m a t e r i a l s  i nves t i -  
ga t ion  described i n  t h i s  r epo r t  was accomplished 
under Contract NAS8-20617, Cryogenic Capaci tar  
Inves t iga t ion .  The work was sponsored by the  
Manufacturing Engineering Laboratory a t  the  
George C. Marshall Space F l i g h t  Center ,  Hunts- 
v i l l e ,  Alabama. The program was under the  
technica l  d i r e c t i o n  of M r .  Robert Schwinghamer 
of  N A S A ~ S F C  , 
Thz work was conducted a t  the General Elec- 
t r i c  Company's Research and Developme2t Center, 
Schenectady, New York. M r .  S. H. Minnichwas 
the  p r o j e c t  engineer  and M r .  K. N. Mathes was 
the  ch ie f  t echnica l  con t r ibu tor .  
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Fina l  Report: 
CRYOGENIC CAPACITOR INVESTIGATION 
NASA Contract  NAS8-20617 
17 May 1967 
INTRODUCTION 
Contract  NAS 8-20617 was executed on 16 June 1966 t o  terminate o r i g i n a l l y  
on 16 December 1966 but  was extended on 16 January 1967 t o  17 May 1967. A con- 
densed work s ta tement  f o r  the program i s  given below: 
Conduct experimental  i nves t iga t ions  t o  determine d i e l e c t r i c  p rope r t i e s  of 
promising ma te r i a l s  f o r  cryogenic capac i to r s  t o  be used i n  energy s to rage  and 
pulse  app l i ca t ions .  
Phase I - ob ta in  d i e l e c t r i c  d a t a  on promising ma te r i a l s  inc lud ing  screening 
tests, t e s t s  i n  l i q u i d  n i t rogen  and techniques f o r  winding o r  s t ack ing  smal l  test 
capac i to r s .  
Three c l a s s e s  of ma te r i a l s  a r e  t o  be i nves t iga t ed  as appropr ia te :  
1. Inorganic bonded f e r r o e l e c t r i c  ma te r i a l s  
2. Anodic coa t ings  on metal f o i l s  
3. Po la r  low temperature l i q u i d s  
Phase I1 - Three a n a l y t i c a l  t asks  on the  cryogenic c a p a c i t o r  a r e  spec i f i ed .  
1. I n t e r p r e t  d a t a  t o  provide an es t imate  of the  energy s to rage  dens i -  
ties which can be achieved i n  a cryogenic capac i to r .  
2. Estimate the  f e a s i b i l i t y  of f a b r i c a t i o n  methods. 
3. Analyze the  performance p o t e n t i a l  of the  o v e r a l l  r e f r i g e r a t i o n  and 
c a p a c i t o r  s y s  tem. 
Technical  progress  has been descr ibed i n  9 monthly l e t t e r  r epo r t s .  Data from 
these  r epo r t s  a s  we l l  as add i t i ona l  sources  have been used i n  t h i s  f i n a l  r e p o r t ,  
However, only those d a t a  have been included which a r e  e s s e n t i a l  t o  the  o v e r a l l  
rummary. Ttrese d a t a  have not neces sa r i l y  been included i n  the chronological  
o rder  i n  which they were obtained.  The experimental  techniques and r e s u l t s  a r e  
descr ibed usder Phase I and the  a n a l y t i c a l  work i n  Phase 11. 
SUPlIMARY AND CONCLUSIONS -
Permi t t i v i t y  and D!.electric - Loss 
A considerable  understanding of the  p rope r t i e s  of d i e l e c  t r i c e  a t  cryogenic 
temperatures has been developed i n  t h i s  program which provides a reasonable b a s i s  
f o r  judging t h e i r  p o t e n t i a l  usefulness  as  cryogenic d i e l e c t r i c s  i n  capac i to r s .  
Values of p e r m i t t i v i t y  from 20 t o  as high as 38 have been achieved i n  f e r roe l ec -  
I 
t r i c  powder f i lms  impregnated with  l i q u i d  n i t rogen ,  The p e r m i t t i v i t y  ( E  ) can 
be increased s t i l l  f u r t h e r  by impregnation wi th  po la r  1.iquids sucl: as 1-ni t ropro-  
pane and a number of s p e c i a l  s i l i c o n e  f P i ~ i d s .  The g r e a t e s t  a d v a n t z ~ e  from such 
I 
impregnation is achieved when a temperature is  s e l e c t e d  f o r  which E is maximum 
and the  d i s s i p a t i o n  f a c t o r  ( tan 6 ) i s  minimum. In t h i s  r e spec t ,  the  s i l i c o n e  
l i q u i d s  a r e  supe r io r .  It should be recognized t h a t  temperature c o n t r o l  may pose 
d i f f i c u l t i e s  i n  p r a c t i c a l  capac i to r s  b u t  the  r e f r i g e r a t i o n  c o s t s  a t  the  lower 
temperatures ( - 1 0 5 ~ ~  f o r  example) w i  11 be l e s s  than f o r  l i q u i d  n i t rogen  a t  - 1 ~ 6 ~ ~ .  
(In t h i s  program l i q u i d  n i t rogen  temperature has been assumed f o r  r e f  r i g e r a t i o n  
ca l cu l a t i ons )  . 
I n  genera l  an increase  i n  d' i s achieved wi th  an  a s soc i a t ed  undesi rable  i n -  
c rease  i n  t an  f as shown i n  the  t abu la t ion  below s e l e c t e d  from t y p i c a l  r e s u l t s  
obtained i n  t h i s  program. 
Temp. OC F e r r o e l e c t r i c  Liquid 6 ' tan 6 
-196 T i  O2 Nitrogen 18 .0002 
-196 S rTi03 Nitrogen 28.5 .004 
-196 SrTiO, XF-1150 34 .0012 
-88 + Isopentane 46 .0025 
-35 BeTiO, XF-1150 645 . 05 
-62 S rTi03 XF-112s 80 . 105 
It i 8  apparent  t h a t  many v a r i a b l e s  are involved which are not  y e t  understood i n  a 
r y s  tematic fashion.  Many more f e r r o e l e c t r i c  materials could be considered,  It 
i r  very  l i k e l y  t h a t ,  wi th  more s tudy,  combinations can be found f o r  which high 
values  of e f  can be obtained with  lower values  of t a n 6  than tho8e which are 
rhovn i n  the  t abu la t ion  above. Nevertheless,  so  f a r  as G' and t a n 6  are con- 
cerned,  the  values  a l ready  a t t a i n e d  with  f e r r o e l e c t r i c  powder f i l m  could make a 
r i g n i f i c a n t  con t r ibu t ion  t o  capac i to r  design.  
The po la r ,  high p e r m i t t i v i t y  l i q u i d s  a r c  of i n t e r e s t  a s  impregnants f o r  
f e r r o e l e c t r i c  powder f i lm  but have not been a s  i n t e r e s t i n g  s o  f a r  a s  impregnants 
f o r  f e r r o e l e c t r i c  powder f i l m , ~ k ~  have not been a s  i n t e r e s t i n g  s o  f a r  a s  impreg- 
nants f o r  porous shee t  d i e l e c t r i c s  such a s  paper. However, t h i s  approach might 
benef i t  from g r e a t e r  s tudy p a r t i c u l a r l y  i n  the  d i r e c t i o n  of low d e n s i t y  and pe t -  
haps s y n t h e t i c  f i b e r  shee t  . 
The use of anodic coat ings  a t  cryogenic temperatures has received only very 
l imi ted s tudy  bu t  t o  da te  high values  of p e r m i t t i v i t y  have not been achieved. 
This approach does not appear t o  be promising. 
Voltage Breakdown 
The values  of vol tage breakdown achieved s o  f a r  i n  t h i s  program have been 
disappoint ing.  Pa r t  of the  problem involves the  use of s i n g l e  f i l m  d i e l e c t r i c s  
which has been made necessary by mechanical l i m i t a t i o n s  t o  be descr ibed i n  the  
next  s ec t ion .  I n  conventional  c a p a c i t o r s ,  mul t ip le  l a y e r  i n s u l a t i o n  is  used t o  
avoid the  r e g i s t r y  of the  f a u l t s  found i n  s i n g l e  l aye r s .  Only i n  capacztors  wi th  
evaporated metal e lec t rodes  can s i n g l e  d i e l e c t r i c  f i lms  normally be used. The t h i n  
metal i s  spu t t e r ed  away from a reas  of f a i l u r e  by the  a p p l i c a t i o n  of vo l tage  wi th  a 
high r e s i s t a n c e  i n  s e r i e s  t o  l i m i t  t he  cu r r en t .  Evaporated metal e l ec t rodes  could 
be used i n  the  cryogenic design bu t  might c o n s t i t u t e  a l i m i t a t i o n  i n  discharge ap- 
p l i ca t ions .  
The impregnation of f e r r o e l e c t r i c  powder f i lms wi th  l i q u i d  n i t rogen  o r  wi th  
0 high p e r m i t t i v i t y  l i q u i d s  appears t o  involve problems not ye t  understood. (It 63s 
taken 40 years  t o  develop the  impregnation techniques used r-Tith conventional  
l i qu id  f i l l e d  capac i to r s  and even they a r e  not ye t  Pressure  appear . . .  
be use£ u l  i n  achieving improved l i q u i d  pene t ra t ion .  Vacuum impregnation may be 
l ~ s e f u l  but i t  may be necessary t o  impregnate cold  s o  as t o  avoid the  l o s s  of 
moisture,  which appears t o  be bene f i c i a l .  
The production of uniform, void and de fec t - f r ee  f i lms  may be the  most c r i t i -  
c a l  f a c t o r  i n  the at tainment of increased e l e c t r i c  r t r e n g t h .  Many f a c t o r s  are 
undoubtedly involved including impurity content  but  the rheology of the  mixture 
t o  be coated is probably most important .  Many va r i ab l e s  appear t o  a f f e c t  the 
nature of the f i lm including: 
Powder s i z e  and nature 
Binder c h a r a c t e r i s t i c s  
Dispersant snd d ispers ing  agents 
Anti-foam agents 
Humectants, f l e x i b i l i z e r s .  e t c .  
Drying c h a r a c t e r i s t i c s  
It is obvious t h a t  an optimum combination could hardly have been obtained i n  
t h i s  l imited program but s u f f i c i e n t  success has been achieved s o  a s  t o  produce 
useful  f i lms which can probably be used a t  DC s t r e s s e s  a s  high as  1500 v o l t s /  
m i l  and perhaps higher ,  To achieve the necessary cont inui ty  of e l e c t r i c  s t rength  
f o r  large values of capacitance,  i t  w i l l  probably be necessary t o  apply con- 
tinuous voltage wit.hstand t e s t  t o  the d i e l e c t r i c  fi lm. The higher the vol tage,  
the g rea te r  w i l l  be the re jec t ion  r a t e  i n  manufacture. 
A l l  of the work i n  t h i s  program has been based upon d i r e c t  voltage test .  
For a capaci tor  which must provide an undamped o s c i l l a t i o n  discharge,  some voltage 
dera t ing  is necessary with conventional discharge capaci tors  and t h i s  probably 
wauld be t rue  a l s o  f o r  a cryogenic capaci tor .  The amount of dera t ing  needed f o r  
a cryogenic d i e l e c t r i c  i n  an o s c i l l a t i n g  discharge appl icat ion is not known, 
Mechacical Charac ter i s t ics  of Die lec t r ic  Materials 
I n  order t o  achieve high values of pe rmi t t iv i ty  i n  f e r r o e l e c t r i c  powder 
f i lms,  i t  is  necessary t o  use very large r a t i o s  of powder t o  binder. Such large 
r a t i o s  a l s o  lead t o  somewhat porous fi lms which can be impregnated with l iquid.  
However, with such a small percentage of binder,  i t  i s  d i f f i c u l t  t o  obtain good 
mechanical s t rengths.  I n  consequence, the aluminum f o i l  has been used t o  pro- 
vide the needed mechanical s t rength  and t o  a c t  as a "car r ie r"  f o r  the insu la t ing  
f i lm which i s  c o ~ ~ e d  on i t ,  Obviously, problems deveiap when a ,00025 i n  alumi- 
num f o i l  i s  required t o  "carry" a heavy ,002 i n ,  insu lc l~ ing  f i lm,  It seems un- 
l i k e l y  tha t  such a f i lm can be wousd with conventional capaci tor  winding equip- 
nrent, a t  l e a s t  a t  usual winding speeds, 
When the d i e l e c t r i c  fi lm is  c a s t  d i r e c t l y  on the aluminum f o i l ,  no d ie lec -  
=.- 
t r i c  w i l l  "protect" the edge of the f i lm unless the insu la t ing  f i lm can projec t  
beyond the edges (be wider than the f o i l ) .  So f a r  i t  has been impossible t o  cake 
a 
the insula t ing  f i lm wider than the f o i l .  
Without ques t ion ,  a more p r a c t i c a l  capac i to r  design could be achieved i f  
s a t i s f a c t o r y  unsupported, f e r r o e .  L c t r i c  powder f i lms  could be made. So f a r  only 
a p a r a l l e l  g l a s s  thread supported f r e e  f i l m  has been made which approaches t h i s  
goal.  This unsupported f i lm  was rough and the vplue of p e r m i t t i v i t y  (about 15) 
was too law t o  be p r a c t i c a l  f o r  the  intended app l i ca t ion .  However, e f f o r t  d i -  
rected t c  the dcvelopment of s e l f - suppor t ing  f i l m  may be the  most important s t e p  
which may need t o  be taken i n  the  development of a cryogenic capac i to r  d i e l e c t r i c .  
The use of two l a y e r s  of unsupported f i l m  w i l l  so lve  many problems. However, the  
th ickness  of each l aye r  should probably not exceed about .002" i n  order  t h a t  the 
vol tage per  "section" w i l l  not be too  g r e a t .  
It i s  poss ib le  t h a t  the  a t tempts  t o  use water  so lub le  binders  may have been 
i n  the  wrong d i r e c t i o n .  Possibly ,  tough thermoplas t ic  res inous  b inders ,  conso l i -  
dated wi th  h e a t  and pressure ,  might c o n s t i t u t e  a b e t t e r  approach. I f  t h i s  very 
d i f f e r e n t  appi-oach i s  taken, i t  w i l l  be necessary t o  prevent t h i n  f i lms  of c l e a r  
r e s i n  from forming on the su r f ace  of the  f i lm.  
The Overall  Material Problem 
From the  foregoing i t  is  apparent  t h a t  the  e l e c t r i c a l  ob j ec t ives  f o r  a cryo- 
genic capac i to r  d i e l e c t r i c  have been achieved al though improvement is t o  be de- 
s i r e d  i n  e l e c t r i c  s t rength .  The mechanical c h a r a c t e r i s t i c s  needed f o r  a p r a c t i -  
c a l  cryogenic c a p a c i t ~ r  have not been achieved but  approaches t o  the  s o l u t i o n  of 
the  proulem have been suggested.  The mechanical problems should be solved and a , 
s u i t a b l e  unsupported d i e l e c t r i c  f i l m  should be developed before  cons t ruc t ion  of 
p r o t o t y ~ e  cryogenic capac i to r s  i s  attempted. As an a l t e r n a t i v e ,  new methods of 
winding o r  assembling capac i to r s  might be developed. 
I n  about one year a number of very new and p o t e n t i a l l y  u se fu l  concepts f o r  
capac i to r  d i e l e c t r i c s  have been developed wi th  r e l a t i v e l y  l i t t l e  appl ied time. 
Conventional capac i to r s  have been under ex tens ive  development f o r  over 50 years  
with very in t ens ive  e f f o r t  i n f g r e a t  many d i f f e r e n t  a reas .  It i s  always d i f f i c u l t  
f o r  new ideas  t o  competq wi th  long e s t a b l i s h e d  ones. 
Cryogenic C a ~ c i  to r  Cesign 
I n  the secolld sec t ion  of t h i s  report  are presented estimates of s i z e ,  
weight and losses f o r  cryogenic capaci tor  systems, using as  a b a s i s  the d ie lec-  
t r i c  parameters developed during the course of t h i s  inves t iga t ion .  These data  
may be used t o  form a t en ta t ive  evaluat ion of the po ten t i a l  payoff of successful 
development. I n  general ,  the data ind ica te  tha t  r e l a t i v e l y  compact capaci tor  
systems a re  possible.  T h i s  i s  espec ia l ly  t rue  i f  the cases where the more op- 
t imis t i c  e s  timates of d i e l e c t r i c  capab i l i ty  a re  used. Refr igera t i06  loads and/ 
o r  nitrogen consumption a re  qu i t e  reasonable, as  wel l  as systems volumes and 
weights, compared t o  more conventional approaches. 
The peripheral  components required t o  construct a cryogenic capaci tor  system 
are  well developed and e s s e n t i a l l y  s t a t e -o f - the -a r t .  The pr inc ip le  unknown is 
the complexity of the development task t o  per fec t  the d i e l e  : t r i c  system i t s e l f .  
I n  view of the po ten t i a l  payoff, i t  appears tha t  continued research i n  the f i e l d  
of cryogenic d i e l e c t r i c s  f o r  energy s torage appl icat ion would be jus t i f i ed .  
IIEASUREFIENT TECHNIQUES 
T e s t s  i n  Liquid  Nitrogen 
Most of t h e  e l e c t r i c a l  measurements were made w i t h  f l a t  o r  r o l l e d  t e s t  s p e c i -  
mens in~niersed i n  b o i l i n g  l i q u i d  n i t r o g e n  a t  a tmospher ic  p r e s s u r e .  No e f f o r t  was 
made t o  reinove t h e  a i r  i n  the  specimen s i n c e  i t  was recognized t h a t  the  a i r  would 
condense t o  l i q u i d  ( the  s m a l l  amounts cf l i q u i d  oxygen, a rgon,  e t c .  were no t  con- 
s i d e r e d  t o  be impor tan t ) .  The l i q u i d  n i t r o g e n  was con ta ined  i n  a  smal l  dewar o r  
more u s u a l l y  i n  a  po lys ty rene  foam c o n t a i n e r .  The e l e c t r i c a l  l e a d s  t o  the  t e s t  
specimen were suppor ted  s o  t h a t  f r o s t  format ion  above t h e  l i q u i d  l e v e l  d i d  not  i n -  
f luence  t h e  measurements. 
During t h e  l a s t  p a r t  of t h e  program i t  was be l i eved  t h a t  s imple  immersion i n  
l i q u i d  n i t r o g e n  might no t  be adequate  t o  o b t a i n  complete impregnation.  Moreover, 
advantages might be ob ta ined  i f  measurements were made i n  non-bo i l ing  l i q u i d  n i -  
t rogen under some p r e s s u r e .  For t h i s  purpose a  s m a l l  p r e s s u r e  c e l l  was b u i l t  a s  
shown i n  Photo 1 and i n  o u t l i n e  form i n  F igure  1. I n  o r d e r  t o  achieve  p r e s s u r e s  
of  1000 p s i  s a f e l y  w i t h  t h e  l e a s t  expense ,  t h e  c e l l  was made a s  s m a l l  a s  p o s s i b l e .  
Unfor tunate ly ,  i t  was d i f f i c u l t  t o  o b t a i n  a h i g h  e l e c t r i c  s t r e n g t h  w i t h  t h e  small 
e l e c t r i c a l  bushing. Moreover, t h e  bushing was d i f f i c u l t  t o  s e a l .  While a  f a i r  
number of  t e s t s  were made under p r e s s u r e ,  a redes ign  of thc  p r e s s u r e  c e l l  i s  
needed. 
The test specimen was p laced w i t h i n  t h e  test  c e l l  and t h e  t o p  s e a l e d .  The 
cel l  was then evacuated  w i t h  a mechanical pump, f l u s h e d  w i t h  n i t r o g e n ,  evacuated  
aga in  and f i l l e d  w i t h  n i t r o g e n  under t h e  d e s i r e d  p r e s s u r e .  The ce l l  was then i m -  
mersed i n  b o i l i n g  l i q u i d  n i t r o g e n  t o  w i t h i n  about  an inch  of  t h e  top  s e a l  s o  t h a t  
t h e  gaseous n i t r o g e n  under p r e s s u r e  i n s i d e  the  c e l l  would condense. Liquid  n i -  
t rogen  was added u n t i l  temperature e q u i l i b r i u m  was achieved.  The p r e s s u r e  a p p l i e d  
t o  t h e  c e l l  was cyc led  t o  achieve  b e t t e r  impregnation.  The p r e s s u r e  was l i m i t e d  
t o  about 250 p s i  t o  minimize t h e  leakage problem around t h e  bushing.  Voltage 
breakdown tests i n  t h e  p r e s s u r e  c e l l  were cumbersome because the  evacua t ion  and 
p ressure  c y c l i n g  had t o  be repea ted  b e f o r e  each t e s t  could  be made. 

Photo 1. Pressure Cell for Voltage Breakdown Tests 
Tests  wi th  Polar  Liquids 
For the  tests with  po la r  l i q u i d s  i t  was necessary t o  vary the  t e s t  tempera- 
tu re  while d i e l e c t r i c  l o s s  measurements were made. I n  o rder  t o  cover a wide 
range of temperatures i n  a r e l a t i v e l y  s h o r t  time, the  t e s t  specimen* was f i r s t  
cooled by immersion i n  l i q u i d  n i t rogen .  The n i t rogen  was removed and the  test  
specimen wi th  i t s  hea t  s i n k  was quickly  surrounded with g l a s s  f i b e r  thermal insu-  
l a t i o n  s o  t h a t  warming would occur slowly. A thermocouple junct ion was posi t ioned 
s o  a s  t o  measure the  specimen temperature as c l o s e l y  a s  poss ib le .  It was recog- 
nized t h a t  some e r r o r  i n  temperature measurement was unavoidable but  the  r e s u l t s  
were considered adequate f o r  the  intended purpose - t o  determine the  t rend of the  
values as wel l  as the  magnitude of the  absorpt ion peaks (maxima i n  d i s s i p a t i o n  
f a c t o r  and capaci tance) ,  A few measurements were made wi th in  a temperature con- 
t r o l l e d  cabinet  i n  which temperature s t a b i l i t y  was achieved a t  each measurement 
temperature. These r e s u l t s  checked those wi th  varying temperature q u i t e  w e l l .  
It would have been completely imprac t i ca l  t o  have made measurements a t  many tem- 
peratures  i f  s t a b i l i t y  had t o  be achieved a t  each temperature. I 
Test  Specimens and Electrodes  
Most of the  measurements i n  the  program were made on f i lms  which were coated 
d i r e c t l y  on aluminum f o i l .  (The development of s e l f  -support ing d i e l e c t r i c  f i l m  
is discussed i n  a l a t e r  s e c t i o n  of the  r epo r t ) ,  The f i lms  of bonded f e r r o e l e c t r i c  
powders were coated wi th  a doc tor  blade on .00025 t o  .002 inch aluminum f o i l  
usual l l  about 2 inches wide. The aluminum f o i l  was adhered wi th  a t h i n  l a y e r  of 
petrolatum t o  a very f l a t  and smooth g l a s s  p l a t e .  The coa t ing  equipment is  shown 
in Photo 2. The thickness  of the  coa t ing  could be va r i ed  from about .0015 t o  .003 
inch th ick .  Aluminum f o i l  t h inne r  than ,002 inch was coated bu t  i t  was d i f f i c u l t  
t o  remove i t  from the  g l a s s  p l a t e  and i t  tended t o  tear when handled. 
I n  most cases  the  coated foi .1 was allowed t o  a i r  d ry  u n t i l  the  coa t ing  became 
0 firm and was then placed i n  an oven usua l ly  a t  85 C t o  complete the  removal of the  
d i spers ing  agent (usual ly  water).  The f i l m  was then allowed t o  " s t ab i l i ze"  
me test specimen was p a r t i a l l y  surrounded by a block of metal wi th  considerable  
hea t  capac i ty  t o  supply a "heat sink". For t e s t s  on the  l i q u i d s  themiselves, the  
heavy n icke l  t e s t  c e l l  provides the hea t  s ink .  

i n  tho room at  2 3 ' ~  and 50% W. I n  some cases  the  d r i e d  f i l m  was recondit ioned 
i n  a "desiccator" over water  t o  i nc rease  the  water  con ten t ,  
For screening tests a .0005 inch aluminum f o i l  was pressed f i rmly  aga ins t  the  
i n s u l a t i n g  coa t ing  on the  heav ie r  f o i l .  The appl ied f o i l  was usua l ly  a t  l e a s t  5" 
narrower than t h e  heavy f o i l  t o  provide a margin and thereby t o  prevent f l ashover .  
Test specimens s e v e r a l  inches long were usua l ly  used s o  t h e t  the  capaci tance would 
be adequate f o r  the  d i e l e c t r i c  l o s s  measurements. The end of the  t h inne r  f o i l  was 
r a i s ed  t o  provide a tab  f o r  e l e c t r i c a l  connection.  A t y p i c a l  t e s t  specimen is  
s h w n  i n  Photo 3. The f o i l  t e s t  specimen was used f o r  both d i e l e c t r i c  l o s s  and 
breakdown measurements, I n  o rde r  t o  s tudy  the  d i s t r i b u t i o n  of the  breakdown v a l -  
ues,  a 5 inch diameter b ra s s  e l e c t r o d e  was sometimes used in s t ead  of the  t h i n  f o i l  
e lec t rode .  I n  t h i s  way i t  was poss ib le  t o  make s e v e r a l  breakdown measurements i n  
a small s e c t i o n  of i n su l a t ed  f o i l  by simply moving the  e l e c t r o d e  around on the  
sur face  of the  f i lm.  The b ra s s  e l e c t r o d e  as w e l l  as the  i n su l a t ed  f i l m  was i m -  
mersed i n  l i q u i d  n i t rogen  dur ing the  vo l tage  breakdown t e s t s ,  
Problems were encountered i n  making r o l l e d  capac i to r s .  I n  t he  f i r s t  p lace  i t  
was d i f f i c u l t  t o  r o l l  the  ,002 inch aluminum f o i l  on i t s e l f  and i t  was, of course ,  
recognized t h a t  such a th i ck  f o i l  could never be used i n  a p r a c t i c a l  capac i to r .  
Moreover, many of the  bonded f e r r o e l e c t r i c  powder f i lms  were too f r a g i l e  o r  b r i t t l e  
t o  be f lexed appreciably .  The la t ter  problem was overcome t o  a considerable  e x t e n t  
wi th  the  development of the  p r o t e i n  c o l l o i d  binder  t o  be descr ibed l a t e r .  Despite 
considerable e f f o r t  t o  do s o ,  a f o i l  wi th  i n s u l a t i o n  p ro j ec t ing  beyond the  edges 
was not made success fu l ly .  I n  consequence i t  was necessary t o  in te rpose  a nar-  
rwer uninsula ted f o i l  between wider i n su l a t ed  f o i l s  wi th  t he  i n su l a t ed  s i d e s  f ac ing  
each o ther .  Unfortunately t h i s  method of winding w i l l  permit the  use of only one 
layer  of i n s u l a t i o n ,  It was poss ib le  t o  coa t  heavy aluminum f o i l  on both s i d e s  but  
t h i s  approach was less p r a c t i c a l  than coa t ing  th inne r  f o i l  on one s i d e .  With con- 
s ide rab le  e f f o r t  i t  was poss ib le  t o  make a number of r o l l e d  capac i to r s .  The ina-  
b i l i t y  t o  c o n t r o l  t ens ion  i n  hand winding cont r ibu ted  i n  l a r g e  measure t o  the  tear- 
ing  encountered. With machine winding i t  seems l i k e l y  t h a t  t h inne r  f o i l s  c o u l ~  be 
handled but  tti. long lengths  of i n su l a t ed  f i l m  needed were beyond the  scope of the  
present  program. 

I n  the  wound capac i to r s ,  tabs  i n su l a t ed  wi th  duPont Mylar f i l m  were used 
success fu l ly  f o r  connections t o  the i nne r  f o i l .  The Mylar p rcve i  t o  be s a t i s -  
fac tory  i n  l i q u i d  ni t rogen.  
A few stacked capac i to rs  were made. The lack  of edge coverage on the  f o i l  
c o n s t i t u t e s  a s e r ious  problem a l s o  wi th  the  stacked conf igura t ion .  Such a con- 
f i gu ra t ion  could be used with  the  "free" f i lms  which were too  s t i f f  t o  be wound, 
For the  measurement of d i e l e c t r i c  l o s s  i n  po la r  l i q u i d s ,  a smal l  s o l i d  
n icke l ,  Berberich c e l l  holding about 70cc of l i q u i d  wi th  an a i r  capaci tance of 
about 30 pfd was used, I n  some cases  the  coated f o i l  specinens were immersed i n  
the po la r  l i q u i d s .  I n  a few cases ,  the  f e r r o e l e c t r i c  powder coa t ings  were vacuaa 
impregnated with  the  po la r  l i q u i d s  and the  counter  e l e c t r o d e  subsequently appl ied.  
E l e c t r i c a l  Measurements 
The measurements of capaci tance an6 d i s s i p a t i o n  f a c t o r  were made i n  accord- 
ance wi th  ASTM method D150. Some measureinents were made wi th  a Pigh vol tage CE 
Scherine br idge a t  60 Hz, Most of the  measurements were made a t  1000 Hz (1 kHz). 
For measurements a t  a s i n g l e  temperature a #1620A General Radio br idge was used. 
For measurements i n  which the  temperature was changing f a i r l y  r ap id ly  the  automatic 
balancing General Radio lt1680A br idge assembly was used s o  t h a t  temperature meas- 
urements could be simultaneously repor ted wi th  the  e l e c t r i c a l  measurements. 
The p e r m i t t i v i t y  ( d i e l e c t r i c  constant)  was ca l cu l a t ed  from the  geometry of 
the  f o i l  t e s t  specimen and the  measured capaci tance.  It is  recognized t h a t  the  
accuracy of such ca l cu l a t i ons  depends t o  a very l a rge  e x t e n t  upon the  adequacy of 
the th ickness  ,measurements. Moreover, even a very smal l  space between a high 
pe rmi t t i v i t y  material and the  e l ec t rode  ( lack of adhesion) w i l l  ve7.y g r e a t l y  de- 
crease  the  measured value of c a p a ~ i t ~ n c e .  However, i n  a p r a c t i c a l  capac i to r  such 
f a c t o r s  a l s o  are invol-ved s o  t h a t  i n  t h i s  program the  repor ted  va lues  of permit- 
t i v i t y  a r e  those ca l cu l a t ed  from average measured dimensions. Unfortunately,  i t  
was not poss ib le  t o  measure the  dimensions of the  test specimen while immersed 
i n  l i q u i d  n i t rogen  s o  t h a t  i n  t h i s  sense  some small e r r o r  w i l l  have been i n t r o -  
duced, It was poss ib le  t o  d e t e c t  major l o s s  of adhesion between f o i l  and insu-  
l a t i n g  f  ilmupon immersion i n  l i q u i d  n i t rogen  by observing changes i n  measured 
capacitance. Errors a r i s i n g  i n  t h i s  fashion w i l l  lead t o  values of perrfiittivity 
- smaller than the correc t  values,  
The "air" capacitance of the Bcrberich l iquid  c e l l  was measured as  a function 
! 
of temperature, The very small change i n  capacitance with temperature was found 
t o  be l e s s  than the e r r o r  itlvolved i n  assembling the c e l l  and was disregarded, 
I -. 
-r 
Voltage breakdown measurements were made usual ly with s t e a d i l y  increasing 
d i r e c t  voltage but a l s o  i n  some cases a t  60 Hz. The short-t ime test  or ASTM method 1 
D-149 was followed s o  f a r  as i t  i s  applicable.  Generally, breakdown was obtained t j g  
within one minute. In  some cases vol tages below the short-time breakdown voltage 1 
were applied f o r  appreciat.)le periods of time. No systematic study of voltage en- i 
durance was made. 1 
I 5
EXPERIMENTAL PROGRAM - PHASE I t 
Objectives 
It has been the overa l l  object ive of t h i s  program t o  develop a combination of 
mater ials  which w i l l  achieve a maximum capaci t ive energy s torage dens i ty ,  The ! 
storage energy is given by the equation: 
Energy (joules) - 4CV 2 
C - capacitance i n  farads 
V = voltage i n  v o l t s  
Thus both a high pe rmi t t iv i ty  and high e l e c t r i c  s t rength  are needed i n  the d ie lec -  w 
t r i c .  As a secondary object ive i t  is desired t o  obtain s minimum charge "leakage" 1 ' I 
(high r e s i s t i v i t y )  and a low d i e l e c t r i c  loss  on discharge. The d i e l e c t r i c  loss i ?
a f f e c t s  voltage breakdown but the quan t i t a t ive  e f f e c t  cannot be described. In a 1 
1 
cryogenic capaci tor  the d i e l e c t r i c  l o s s  i s  pa r t i cu la r ly  important s ince  repeated 1 
discharges may' produce ru f f  i c i e n t  d i e l e c t r i c  heat ing t o  a f f e c t  the design of the 
r e f r ige ra t ion  system (see Phase If) .  The d i e l e c t r i c  loss  is given by the f o l l w -  
ing equation: 
2 
Watts (loss) =2pf , k .  E . C . t a n 8  
f = frequency of discharge 
k = f ac to r  determined by discharge wave shape 
c I capacitance i n  farads 
tan d i s s ipa t ion  f a c t o r  
6 m llde&cttt angle (see diagram below) 
"Pure" C 
Capac i t ive 
Current 
( t o t a l )  
Reriis t i v e  current" 
Corona discharges influence the l i f e  of a cap5ci tor  under repeated discharges but 
. t h i s  subjec t  was considered t o  be beyond the scope of the program. 
The work on three c lasses  of mater ials  t o  achieve the object ive l i s t e d  abwe 
w i l l  be described be low under separate  headings. 
Films of Bonded Ferroe lec  t r i c  Powders 
I n  work done before the start of t h i s  cont rac t  i t  had been found tha t  fe r ro-  
e l e c t r i c  powders cobld be combined with a binder t o  make a th in  f i lm with a high 
p ~ r d t t i v i t y  ( d i e l e c t r i c  constant) . Many binders with poor e l e c t r i c a l  proper t ies  . 
at conventional tez:peratured could be used st cryogenic temperatures s ince  the 
d i e l e c t r i c  loss  decreased markedly at  the low temperatures. Inorganic binders 
ruch as sodiiim s i l i c a t e  i n  water so lu t ion  were thought t o  be espec ia l ly  r u i t a b i e  
8ince they would not carbonize during e l e c t r i c  breakdown. 
The goal of t h i s  program involved the se lec t ion  of f e r r o e l e c t r i c  materials 
m d  binder t o  give the optimum combination of high e l e c t r i c  s t rength ,  high per- 
m i t t i v i t y  and lug d i e l e c t r i c  loss .  It was arsumed t h a t  l i q u i d  n! trogen would be 
used t o  impregnate the f i lm.  Polar l iqu ids  have e l s o  been used as  impregnants 
a8 described l a t e r  i n  t h i s  report ,  
I n  t h i s  program three  f e r r o e l e c  t r i c  po-vders have been s tud ied :  
F e r r o c l e c t r i c  Powdcr 
Ti  t a n i  urn D i  oxi de 
Barium T i t ana t e  
S t ron t iun  Ti tana te  
Descr ipt ion 
Ticon T 
Ticon B 
Ticon S 
A l l  of these  ma te r i a l s  were purchased from the  National  Lead Co., New York. 
I 6 
x. 
P 
* 
A grea t  many combinations of these  powders wi th  a considerable  v a r i e t y  of 
$& bonding materials have been inves t iga ted .  The poss ib le  permutations are s o  
:$ -. ~ g r e a t  t h a t  a s y s t e m ~ t i c  approach alone would have been too  l imi ted .  An i n t u i t i v e  
approach was used as wel l  i n  which the  extremes of the  poss ib le  v a r i a b l e s  were 
considered. It is  recognized t h a t  such an approach permits  a broad s tudy bu t  
unfor tunate ly  the  combination of ma te r i a l s  which give  the  optimum p rope r t i e s  may 
be missed. 
The binders  l i s t e d  below were used s i n g l y  o r  i n  combination i n  var ious  per-  
centages. They were mixed with  water  us ing e i t h e r  a high speed blender* o r  a ba? l  
m i l l .  I n  general ,  a d i spe r s ing  agent such a s  T r i t o n  X-100, an anti-foaming agent 
and a humectant such as g lycer ine  o r  e thylene oxide were used i n  varying amounts 
as needed. 
Binde r Source and Remarks 
Sodium S i l i c a t e  Ph i lade lph ia  Quartz Co. - var ious  r a t i o s  of Na 0 & SiO 2 2 
Polyvinyl Alcohol #P X 1295, Matheson, Coleman and H i l l ,  E.  Rutherford, 
New J e r sey  
Pro te in  Colloid Swif t  's #2226, Chicago, I l l i n o i s  
S ta rch  Paste  Ca r t e r ' s  Desk Glue 
Polyvinyl Methyl Ether Gantrex M-155, General Analine & Film Corp. 
Dimethyl Hydantoin- 
Formaldehyde Resin Dantoin 0684, Glyco Chemicals, Inc  . 
Gum Tragacanth S t e i n  Hal l  6 Co., New York C i ty  
Carboxy Methyl Cel lulose  Dow Chemical, Midland, Michigan 
*In the  l a s t  s t ages  of the  program i t  was f e l t  t h a t  the  s t e e l  b lades  of the  blender 
might have eroded and produced metal p a r t i c l e s  which cont r ibu ted  t o  the  poor 
values of e l e c t r i c  breakdown obtained.  
It is not necessary t o  repor t  i n  d e t a i l  here  a l l  of the  fon~luht ions  considered.  
In  many cases  tile ma te r i a l s  could not be coated s o  a s  t o  mslce a co l~ t inuous  t h i n  
f i lm.  Some ma te r i a l s  produced powdery, rough o r  d i s c o n t i ~ ~ u o u s  f i lms  as  they d r i ed .  
Others l o s t  adhesion t o  the underlying aluminum. It  was f i n a l l y  poss ib le  t o  "zero 
in" on seve ra l  fonnulat ions  which gave the  bes t  mechanical p rope r t i e s .  The pro- 
t e i n  c o l l o i d  and polyvinyl  a lcohol  gave the  bes t  r e s u l t s ,  The na ture  of the  pow- 
dered f e r r o e l e c t r i c  powder as w e l l  a s  the  binder  proved t o  be important.  The 
TiOZ appeared t o  a i d  i n  d i spe r s ing  the  t i t a n a t e s .  The f i n e  powder s i z e  may be 
the  important con t r ibu t ing  f a c t o r .  An e f f o r t  was made t o  ob ta in  d i f f e r e n t  par- 
t i c l e  s i z e s  of the  t i t a n a t e  powders without immediate success .  The e f f o r t  was 
not  pressed because succes s fu l  f i lms  wi th  values  of p e r m i t t i v i t y  a s  high as 29 
were obtained.  When the  p r o t e i n  c o l l o i d  was used as a b inder ,  adequate d i spe r -  
s i o n s  were obtained wi th  s t ron t ium t i t a n a t e  and without any T i 0  2 '  
When d i s s i p a t i o n  f a c t o r  measurements were made on the  f e r r o e l e c t r i c  powder 
f i l m s  i n  l i q u i d  n i t rogen ,  i t  was found t h a t  t he  incorpora t ion  of barium t i t a n a t e  
and sodium s i l i c a t e  increased the  d i e l e c t r i c  l o s s .  E f f o r t s  were made t o  r e a c t  the  
'sodium s i l i c a t e  wi th  d i l u t e  HCl and wash out  t he  r e s u l t i n g  sa l t  from the  s i l i c t c  
ac id  remaining. Such f i lms  were b r i t t l e  when d r i e d  and the  e l e c t r i c a l  p rope r t i e s  
were not s i g n i f i c a n t l y  improved. The r e l a t i v e  success  of the  p ro t e in  c o l l o i d  r e -  
duced the  e f f o r t  wi th  the  o t h e r  binders .  
Following the prel iminary work descr ibed above, a s e r i e s  of 11 compositions 
were made. These a r e  descr ibed i n  the  fol lowing s e c t i o n  a long wi th  the  pe r t i nen t  
e l e c t r i c a l  da t a  obtained with  some of them. 
D i e l e c t r i c  P m  Fer roe l ecc r i c  Powder Films 
I n  order  t o  s tudy  the  p e r m i t t i v i t y  ( e 4 )  and d i s s i p a t i o n  f a c t o r  ( t an  6 ) of 
j u s t  the  f e r r o e l e c t r i c  powders at  low temperatures,  the  powder was mixed wi th  d i s -  % 
t i l l e d  water  and coated on aluminum f o i l  without us ing any binder .  It was neces- i I 
s a r y  t o  use r e l a t i v e l y  t h i c k  coat ings  (about -025 i n . )  i n  o rde r  t o  overconle the  i 
f r a g i l e  nature  of the  vnbonded coat ing.  Measurements were made i n  l i q u i d  n i t rogen  
O 
a t  -196 C and continued as the  temperature was permitted t o  increase  slowly. Typ- 
i c a l  r e s u l t s  a r e  given i n  Table I. 
- 
From Table I i t  is apparent t h a t  barium t i t a n a t e  powder has a r e l a t i v e l y  high 
d i s s i p a t i o n  f a c t o r  compared t o  t i t a n i a  (TiOZ) and the  s t ron t ium t i t a n a t e .  The 
Table I 
--
DISSIPATION FACTOR AND PEEUIII'TIVITY 
OF FERROELECTRIC POWDER PIWS (WITHOUT BINDER) OVER 
A RANGE OF TEMPERATUIS FROM -196' TO ABOUT OOC 
Matzrial (nc binder) 
loon Ti02 
100% Barium Titanate 
100% Strontium Titanate 
80% Ti02 + 20% Strontium 
Tit ana te 
85% Strontium Titanate + 
15% Barium Titanate 
90% Barium Titanate + 
10% Strontium Titanate 
Measurements at 1 KC 
Tan d 6' 
Min. At -196'~ At Min. tan8 
~t 18 * 
.0025 23 23.5 
.0004 11 10 
*Minimum value of tand was obtained in liquid nitrogen at - 1 9 6 ~ ~  
Notes : Permittivity ( 6' ) of Ti02 and Strontium Titanate is maximum at -196'~ 
and decreases as the temperature increases. 
0 Permittivity of Barium Titanate is minimum at -196 C and increases as 
the temperature increases. 
values  of p e r m i t t i v i t y  a r e  d i f f i c u l t  t o  compare. Ths values  a r e  lower than those 
f o r  the bonded ma te r i a l s  t o  be descr ibed l a t e r  a s  shown i n  Table 11. The rheology 
of the  mixture and r e s u l t i n g  dens i ty  of the  f i l m  apparent ly  a r e  important i n  de- 
termining the  value of the  p e r m i t t i v i t y .  
From Table I1 i t  becomes apparent  t h a t  the  e l e c t r i c a l  c h a r a c t e r i s t i c s  are i n -  
fluenced t o  some e x t e n t  by the  na ture  of the  binder .  Up t o  t h i s  po in t ,  the  na ture  
of the  binder  had been d i c t a t e d  very l a r g e l y  by a t tempts  t o  improve the  phys ica l  
p rope r t i e s  of the  f i lms .  It i s  c e r t a i n  t h a t  the  optimum e l e c t r i c a l  p rope r t i e s  
have not  been achieved ye t .  I n  Table 111, the p e r m i t t i v i t y  ( B ;) f o r  t h r ee  f i lms 
is compared t o  the  measured dens i ty  of the  f i lms  with  reasonably good c o r r e l a t i o n .  
The reason f o r  the  d i f f e r ence  i n  dens i ty  is  not obvious. It i s  probably a t t r i b u t -  
ab le  t o  the  rheology of the  mixture. The f a c t o r s  c o n t r o l l i n g  the  rheology a r e  not  
i understood. The add i t i on  of very  smal l  amounts of  the  wate r  so lub le  r e s i n s  - poly- 
0 
v i n y l  a lcohol  (PVA) and polyvinylmethyl e t h e r  (PME) - appear t o  have reduced the  
dens i ty  of the  f i l m  but  they r e su l t ed  i n  improvement of mechanical p rope r t i e s .  
4 - Film #10 contained th ree  times as much g lyce r ine  as Film #9 and !I11 s o  t h a t  the  
t glycer ine  does not  seem t o  be a c o n t r o l l i n g  f a c t o r .  However, some g lycer ine  i s  
needed t o  provide f l e x i b i l i t y  i n  the  d r i e d  f i lm ,  The p r o t e i n  c o l l o i d  has an 
anmoniacal odor. It i s  probably t h a t  conducting ions  i n  the  b inder  contr ibuke 
0 t o  the  d i e l e c t r i c  l o s s  i n  l i q u i d  n i t rogen  (-196 C) and a r e  p r imar i ly  responsible  
f o r  the  r e l a t i v e l y  high d i e l e c t r i c  l o s s  a t  room temperature. 
Voltage Breakdown i n  F e r r o e l e c t r i c  Powder Films 
One of the  most important reasons f o r  the  development of cryogenic capac i to r  
d i e l e c t r i c s  involves the  p o s s i b i l i t y  of ob ta in ing  a high e l e c t r i c  s trengch wi th  
l i q u i d  n i t rogen  impregnation of porous f e r r o e l e c t r i c  f i lms .  I n  e a r l i e r  work va lues  
of 2000 v o l t s  pe r  m i l  were achieved. As  the  f i l m  technology was developed t o  yro- 
duce f i lms  wi th  b e t t e r  mechanical p r o p e r t i e s ,  i t  was discovered t h a t  the  vol tage 
breakdown of the  f i lms  would occur as  low as 200 v o l t s  per  m i l  and was seldom 
b e t t e r  than 500 v o l t s  per  m i l .  It seemed c e r t a i n  t h a t  these  low values  of break- 
down vol tage were due t o  the  presence of conducting impur i t i e s  i n  the  f i lms .  
A considerable  e f f o r t  has been expended t o  determine the reasons f o r  the  lw 
values  of breakdown vol tage .  "Clean" room techniques subsequently were used f o r  
Table IT. 
DISSIPATION FACTOR ILND PEMIITTIVITY (AVG. VALUES) 
FOR 
-
FERROELECTRIC POIJDER FILMS WITH DLFFEMNT BINDERS 
Whe composition of the binders is given i n  Appendix A. 
f 
**Value for freshly cast film. 
NOTE: F i l m s  #9, #10 and /I11 had been allowed to  come to equilibrium 
at 23OC and 50% RH. The condition of the other films may be 
somewhat variable. 
Table 111 
-
FOR 
FERROEIXCTRIC POljDER FILMS 
- 
Film % - Binder;? 
-
h ' h dens i ty  (D) OD t a n  6 
23Oc 
- - 196Oc 23Oc -196 '~ 2 3 ' ~  ;196"~ -
#9 5 Prote in  Colloid 2 8 . 5 ( ? )  28.5 2.8 1.0 0.055 .004 
#lo 10 Pro te in  + PVA 33 23.5 2 . 1  1.1 0.09 .004 
-11 1 1 5 Pro te in  + PIE 31 24 .5  2.1  1.2 0.10 .004 
*loo% SrTiO was used as the  f i l l e r .  The complete composition of the  binders  3 is given i n  Appendix A - the  % of binder  i s  approximate by weight. 
0 NOTE: Films were allowed t o  come t o  equi l ib r ium a t  23 C and 50% RH. 
Values a t  2 3 ' ~  were v a r i a b l e .  
coa t ing  the f o i l  wi th  the  f e r r o e l e c t r i c  powder f i lms  t o  avoid contamination wi th  
conducting p a r t i c l e s  s o  f a r  as poss ib le .  It is recognized t h a t  the  f e r r o e l e c t r i c  
powders themselves may not be c o ~ ~ l p l e t e l y  f r e e  from such impur i t i es  but  a few a t -  
tempts t o  use purer  grade (CP) t i t a n a t e  d id  not give b e t t e r  r e s u l t s .  It was f e l t  
a l s o  t h a t  b a l l  m i l l i ng  the compositions r a t h e r  than using a high speed blender 
might reduce the conducting p a r t i c l e s  i n  the  mix. A l l  of these  techniques were 
combined and a considerably h ighe r  e l e c t r i c  s t r e n g t h  was achieved,  
Test  r e s u l t s  wi th  a 4 inch e l ec t rode  ( r a the r  than f o i l )  placed on top  of the  
coated f o i l  a r e  given i n  Table I V .  The smal l  e l ec t rode  was used t o  determine the  
ex t en t  of the  v a r i a b i l i t y .  As expected  he values  of vo l tage  breakdown were very 
va r i ab l e .  Despite the  v a r i a b i l i t y ,  some comparisons between ma te r i a l s  and t e s t  
condi t ions  can be made. 
To a i d  the  comparison, the  t e s t  r e s u l t s  havz been p l o t t e d  on a r i t hme t i c  pro- 
b a b i l i t y  paper as Figures 2 and 3. It should be recognized t h a t  t r u e  s t a t i s t i c a l  ! 
d i s t r i b u t i o n  cannot be expected but  the  r e s u l t s  can be v i s u a l l y  and q u a n t i t a t i v e l y  
analyzed. 
I n  Figure 2 f o r  t e s t s  a t  room temperature i t  i s  apparent  t h a t  the  t h i cke r  e j 
Film #9A has t \e  g r e a t e s t  v a r i a b i l i t y  i n  breakdown s t r e s s  values  but  the  maximum L 
1 
value is  next t o  the  g r e a t e s t  va lue  f o r  a l l  the  f i lms  combined. I f  conducting par-  i 
I 
ticles were involved, the  t h i c k e r  f i l m  would be expected t o  be supe r io r ,  It i s  ? i 
more l i k e l y  t h a t  the  t h i c k e r  f i l m  i s  l e s s  homogenious. There is l i t t l e  t o  choose 
between the  values  of Films 1/51, 1\10 and 1/11. 
I n  Figure 3 the  t e s t  r e s u l t s  i n  l i q u i d  n i t rogen  f o r  Film #9A have not  been 
p l o t t e d  because of t h e i r  g r e a t  v a r i a b i l i t y  but  a l l  :he values  were below any of 
those f o r  the  o ther  t h r ee  f i lms .  From Figure 3 i t  is  apparent  t h a t  the  condi- 
t i on ing  of Films 119 and //lo a t  100% RH before  immersion i n  l i q u i d  n i t rogen  con- 
t r i b u t e s  s l i g h t  i f  any improvement i n  e l e c t r i c  s t r eng th .  However, t he  moisture 
condi t ioning of Film 1/11 has apparent ly  markedly increased i t s  e l e c t r i c  s t r e n g t h  
unless  some o ther  and unknown f a c t o r  i s  involved. F o i l  e l ec t rodes  were appl ied 
t o  the  condit ioned Film #11, ~t 1500 v o l t s  per  m i l  f o r  over one hour t h e r e  was no 
evidence of f a i l u r e ,  
Table I V  
DC ELECTRIC STKENGTH - VOLTS/PIIL 
H I - K  CERAMIC COATINGS ON ALUMINUEi FOIL 
-
(5" Elec t rode  on S ing l e  Sheet )  
Coating 
Coating Thickness As r e c ' d ,  - Tested A s  r ec 'd .  72 hrs, a t  100% RH 
TY pe Mils a t  23OC - 50% RH Tested  i n  Liq. N2 Tested i n  Liq.  N2 
- 
Table V 
DC ELECTRIC STRENGTH - VOLTS/MIL 
H I - K  CERAMIC COATINGS ON ALUMINUM FOIL 
(5" Elec t rode  on S ing l e  Sheet )  
Coating 
Coating Thickness As rec 'd .  - Tested  Soaked i n  Isopentane  Soaked i n  XF-1105 I 
Type Mi 1s i n  Liquid N2 Tes ted  i n  Liquid N2 Tes ted  i n  Lig.  N2 i 
- 
1 
10 1.25 1280 1920 1290 
1680 2860 2380 
3360 
>4000 
F i l m  (See Table IV) 
Figure 2 .  Distribution of Voltage Breakdown Value., Test at  23'~ 
50% RH 
Figure 3. Distribution o f  Voltage Breakdown Valuer, Tertr in Liquid 
Nitrogen at -196OC 
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While i t  was recognized t h a t  impregnation w i t h  l i q u i d  n i t rogen  should have 
advantages, a few measurenrcnts were made with specirilei~s of Film 810 which had 
been immersed i n  l i q u i d  isopentane and i n  s i l i c o n e  o i l  #XF-1105 before  t e s t  i n  
l i qu id  ni t rogen.  Both of these  l i q u i d s  f r eeze  a t  very low temperatures t o  a 
g l a s s  r a t h e r  than a c r y s t a l l i n e  form. The l imi ted  r e s u l t s ,  shown i n  Table V ,  
i n d i c a t e  t h a t  such l i q u i d  impregnation may r e s u l t  i n  improvement. B e t t e r  i m -  
pregnation of the  f i lms  with  the  l i q u i d  may be needed t o  achieve a r e l i a b l e  i m -  
provem~nt  i n  e l e c t r i c  s t r eng th .  Vacuum impregnation i s  very d i f f i c u l t  wi th  i s o -  
pentane because of i t s  high vapor pressure .  It is  poss ib le  t o  vacuum impregnate 
wi th  s i l i c o n e  o i l  bu t  these  t e s t s  were not  completed before  the  c lo se  of con- 
t r a c t  work. 
The foregoing i n d i c a t e s  t h a t  the  impregnation of the  f i lms  wi th  l i q u i d  n i t r o -  
gen may be inadequate,. I f  t h i s  is  the  ca se ,  then t i n y  voids w i th in  the  f i l m  could 
be f i l l e d  wi th  gas pzrhe2s a t  low pressure .  A very cur ious  s e t  of t e s t  r e s u l t s  is  
repor ted i n  Table V I .  Here, success ive  breakdownswere made on the  same spo t  wi th-  
ou t  moving the  brass  e l ec t rode .  A 10-megohm r e s i s t o r  i n  series prevented exces- 
s i v e  cu r r en t  flow and gross  d i s r u p t i o n  of the  t e s t  specimen. For seven break- 
downs i n  a row, the value of breakdown vol tage  kept increas ing .  It i s  poss ib l e ,  
of course ,  t h a t  the  e l ec t rodes  were befng "conditioned" or t h a t  a r e a s  of h igher  
conduct ivi ty  wi th in  the  f i l m  were "improved1'. It seems more l i k e l y  t h a t  the  t he r -  
mal 'lshock'l a t  f a i l u r e  increased the  impregnation of the  f i l m  wi th  l i q u i d  ni t rogen.  
The presence of voids  and a def ic iency  i n  impregnation wi th  l i q u i d  n i t rogen  pos- 
s i b l y  is  j-ndicated a l s o  by the  r e s u l t s  shown i n  Table VIX. (It should be recog- 
nized t h a t  the  se l f - suppor ted  f i l m  is  much t h i c k e r  than those previously  descr ibed) .  
The increase  i n  d i s s i p a t i o n  f a c t o r  ( t a n 6  ) occurs a t  vo l tage  s t r e s s e s  s o  low t h a t  
a corona mechanism i n  voids  is  probably not  involved although the  e f f e c t  i s  d i f f i -  
c u l t  t o  exp la in  by any o t h e r  mechanism. 
The r e s u l t s  j u s t  descr ibed led  t o  t he  development of a test cel l  s o  t h a t  
vo l tage  breakdam measurements could be made i n  non-boil ing l i q u i d  n i t rogen  under 
pressure .  A s  descr ibed e a r l i e r  many problems were encountered wi th  t he  test c e l l  
and i n  use i t  proved tu he s o  cumbersone t h a t  the  number of test r e s u l t s  is very  
l imi ted .  The ava i l ab l e  r e s u l t s  a r e  given i n  Table V I I I .  A number of  measurea.i:rr*-s 
were made a t  60 Hz because i t  was bel ieved t h a t  the  AC measurements might be more 
Table VI 
DC ELECTRIC STRENCTH - VOLTS/MIL 
H I - K  CERAMIC COATINGS ON ALUMINUM FOIL 
(5" electrode - successive brcakdovns on same spot - 10 megohms i n  series) 
Coating 
Coating Thickness Failure No. 
- 2 Y E  M i  1s - 1. - 2 - 3 .I 4 - 5 - 6 - 7 - 8 
Table V I I  
60 HZ DISSIPATION FACTOR TAN 6 VS. VOLTAGE STRESS - I N  LIQUID N, 
- -- 
.024 inch Ceramic Impregnated Glass Tape 
Aluminum Foil Electrodes 
Volts / M i l  
12 
24 
48 
72 
96 
120 
Ten 8 - 
.00156 
,00212 
.00318 
.00639 
,00952 
.01335 
Approx, * 
13.0 
13.0 
13.3 
13.6 
13.8 
14.1 
*Change with voltage i s  significant 
Table V X I I  
- 
VOLTAGE BREAKDOIJN EIEASUP!M.ENTS 
MADE I N  PRESSURE CELL 
f 
60 Hz. - Peak volts/mil 
-
D.C. - Volts/mil 
- "  
Film Pressure 
-
Max. &%A. - Min. Avg. x Min. 
#11 100-120 psi 1480 1620 1400 2723 2880 2570 
i #ll o (gage) 650 69s 595 1503 1670 1200 
#I1 0 a f te r  being 
a t  120 p s i  1200 1220 1170 
911* 120 p s i  1590* 
JtSoaked in  XF-1105 
q i n g l e  value 
**From previous results  
Table I X  
PERMITTIVITY ( 6 ' ) AND DISSIPATION FACTOR (TAN 8 ) 
.0023 inch "Free" Ceramic Film 
(Lead Foil Electrodes) 
T e g ~  120 Hz 400 Hz 1 kHz 
C State 
- 
tang c 0  t a n s  
- 
tan6 d -  
23 As rec'd. 16.3 0.354 14.6 0.248 13.2 0.184 
-92 Cooled from above 7.6 0.0007 
23 Warmed from above 
(Condensed H20) 6309 0.342 4817 0.427 3623 0.573 
-189 Cooled from above 9.16 0.0009 
s e n s i t i v e  t o  the  presence of voids i n  the f i lm.  The t e s t  r e s u l t s  i n d i c a t e  t h a t  
pressure does have a considerable  e f f e c t  on the  vol tage breatcdown of f e r r o e l e c -  
t r i c  powder Film #11. The vol tage breakdown of l i q u i d  n i t rogen  a l s o  depends upon 
pressure .  However, such a pressure  e f f e c t  cannot exp la in  the r e l a t i v e l y  high v ~ l -  
ues a f t e r  the  f i lm was f i r s t  exposed t o  120 p s i  pressure  and then re turned t o  rooitl 
pressure .  It is not knavnif the n i t rogen  was b o i l i n g  i n  the  l a t t e r  case .  A t  any 
r a t e  pressure  impregnation seems t o  have accomplished a considerable  improvement 
i n  e l e c t r i c  s t r e n g t h  f o r  Film #11. However, t-he same degree of improvement has 
not  been obtained f o r  the  s i l i c o n e  o i l  impregnated f i l m  as would be expected i f  
i t  i s  lack of impregnation o r  b o i l i n g  of n i t rogen  which i s  responsible  f o r  the  
poor performance of the  l i q u i d  n i t rogen  by i t s e l i .  
Free Films from Ferroelec  t r i c  Powders 
I f  more than s i n g l e  f i l m  d i e l e c t r i c s  a r e  t o  be achieved i n  the  cryogenic ca-  
p a c i t o r ,  i t  w i l l  be necessary t o  produce se l f - suppor t ing  ( f ree)  f i lms  of the  d i e -  
l e c t r i c  spacer .  Throughout t h i s  program i t  has been the  ob jec t ive  t o  keep a very 
h igh  percentage of the  f e r r o e l e c t r i c  powder f i l l e r  i n  the  f i lms  and s o  far as pos- 
s i b l e  maintain a degree of poros i ty  s o  t h a t  the  f i l m  could be impregnated with  
l i q u i d .  To ob ta in  good f i lms  on aluminum f o i l  i t  was apparent ly  d e s i r a b l e  t o  a t -  
t a i n  a f a i r  degree of adhesion between the  coa t ing  compound and the  aluminum. How- 
eve r ,  such adhesion i s  disadvantageous i n  the  production of f r e e  f i lms .  E f f o r t s  
were made t o  coa t  f i lms  on po ly te t ra f luoroe thy lene  and on s i l i c o n e  o i l  coated s u r -  
f aces  without much success .  On such su r f aces  the  coa t ings  tended t o  coa t  non- 
uniformly o r  t o  "ba l l  up1'. 
It was poss ib le  t o  coa t  the  f e r r o e l e c t r i c  powder coa t ings  #9, 10 and 11 on 
smooth p l a s t i c  f i lms  such a s  polycarbonate (GE Lexan). The coa t ings  could he re- 
moved from such f i lms  i n  small s e c t i o n s  by s l i g h t  f l e x i n g  i n  l i q u i d  n i t rogen  bu t  
a l l  the  f r e e  f i lms  produced i n  t h i s  manner were s o  f r a g i l e  t h a t  they could not be 
evaluated e l e c t r i c a l l y .  It was poss ib le  t o  d i s so lve  the  p l a s t i c  f i l m  away but  i n  
s o  doing the  p l a s t i c  impregrated the  ceramic f i lm.  Resu l t s  f o r  the  #11 composi- 
t i o n  coated on polycarbonate f i lm  wi th  the  f i l m  removed by so lven t  (methylene 
ch lor ide)  a r e  given i n  Table I X .  The measurements a t  room temperature were made 
a t  s e v e r a l  f requencies  t o  show t h a t  absorbed water  was i n  f a c t  responsible  f o r  the  
. 
high d i e l e c t r i c  l o s s  and p e r m i t t i v i t y  observed a f t e r  the cooled f i l m  had picked up 
considerable  water  upon re tur i l ing t o  roorti ternperaturc. At: low temperatures the 
p e r m i t t i v i t y  i s  very low compared t o  the  values  f o r  f i lms  c a s t  on aluminum f o i l .  
It is  q u i t e  l i k e l y  t h a t  a very t h i n  f i l m  of u n f i l l e d  r e s i n  a t  one sur face  of the  
f r e e  f i l m  may be resporlsible f o r  these  low values  and such an e f f e c t  seerns unavoid- 
a b l e  wi th  such a process.  
A very l imi ted  amount of work was done with  f e r r o e l e c t r i c  powder f i lms  which 
were c a s t  over a group of p a r a l l e l  g l a s s  threads  somewhat spaced from one another.  
A f i l m  about .0055 inch t h i c k  r e su l t ed  which had considerable  s t r e n g t h  i n  the  d i -  
r e c t i o n  of the  threads .  The thickness  of the  f i lms  was s o  uneven t h a t  the  per-  
m i t t i v i t y  was es t imated only r a t h e r  roughly as perhaps about 15. This low value 
and the  th ickness  of the  f i l m  discouraged a d d i t i o n a l  work. 
High P e r m i t t i v i t y  Liquids 
A considerable  amount of e f f o r t  was d i r e c t e d  t o  the  development ~f high per-  
m i t t i v i t y  l i q u i d s  which hopefully, might have r e l a t i v e l y  low d i e l e c t l i c  l o s s .  It 
was suggested t h a t  such l i q u i d s  could be used t o  impregnate the  high p e r m i t t i v i t y  
ceramic f i lms  o r  t o  impregnate a very porous (low dens i ty )  paper. From the  d i e -  
l e c t r i c  po in t  of view the  ceramic f i l m  of fe red  the g r e a t e s t  promise bu t  paper would 
permit a  more f e a s i b l e  mechanical cons t ruc t ion  much l i k e  t h a t  i n  a conventional  
o i l  f i l l e d  capac i to r .  
j 
The i n v e s t i g a t i o n  was concentra ted on p o l a r  l i q u i d s  which had high p e r m i t t i v i t y  1 
l 
and low melt ing temperatures. The p e r m i t t i v i t y  of a number of these  ma te r i a l s  had 1 
been measured previously as a functior .  of temperature but  only r a r e l y  had tan  4 3 
! 
been measured a l s o .  It was recognized t h a t  the  p e r m i t t i v i t y  would be h ighes t  a t  
temperatures near the  f r eez ing  po in t .  Dissipa.tion f a c t o r  and capaci tance were 
measured as a func t ion  of temperature f o r :  
Nitroethane 
l - N i  tropropane 
2-Nitropropane 
1-k?; tropropane plus  added isopent ,.le 
Ace t o n i  t r i  l e  
Propioni  t r i  l e  
. Resul ts  a r e  p l o t t e d  i n  Figures 4-19. With n i t roe thane  and ni t ropropane some meas- 
urements were made with a 500 v o l t  DC b i a s  appl ied  a s  the  temperature was decreased. , 
1 
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Figure 4. Dissipation Factor at 1 kHz ve Temperature - Nitroethane 
tan d 
- 
Initial tun with DC bim 
W Repeat run without DC bias 
-200 -180 - 160 - 140 - 120 -100 -80 -60 -40 
Tcmprrature OC 
Figure 5.  Dissipation Factor at  1 kHz vs Temperature - Nitroethane 
(Extension of Figure 1 with Different Vertical Scale) 
1 Turnabout 
I n i t i a l  run w i t h  DC b i a s  
X Repeat run w i t h o u t  DC b i a s  
0 Temperature C 
Figure 6, Permittivity at 1 kHz vs Temperature - Nitroethane 
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Figure 7. Diesipation Factor at 1 kHz ve Temperature - 1-Nitropropane 
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Figure 9. Dirripstion Factor at 1 k& vr Temperature - 1-Nitropropane. 
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Figure 10. Permittivity at  1 IcHz vs Temperature - 1-Nitropropane. (Frozen 
Without DC Bias) 
Figure 11. Dfrripation Factor at 1 lrElc vr Temperature - l-Nitropropane 
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Figure 12. Permittivity at 1 kHz vr Temperature - 1-Nitropropane with 
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Figure 13 .  Dissipation Factor at 1 kHz ve Temperautre - 2-Nitropropane 
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Figure 14. Permittivity at 1 kHz vs Temperature - 2-ditropropane 

Figure 16. Diss ipa t ion  Factor  a t  1 kE2. vs Temperature - A c e t o n i t r i l s .  
(Extension of Figure 1 2  wi th  Di f fe ren t  V e r t i c s l  Scale)* 
(Frozzn Without DC Bias) 
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Figure 18. Dissipation Factor at 1 kHz vs Temperature - Propionitrile 

The v o l t a g e  was removed dur ing  t h e  measurement*. Genera l ly ,  when p e r n ~ i t t i v i t y  
i s  high f o r  these  l i q u i d s ,  the  d i s s i p a t i o n  f a c t o r  ( t a n 8  ) i s  a l s o  h igh.  The 
b e s t  r e s u l t s  were a c h i e  red w i t h  l - n i t r o p r o p a n e  f r o z e n  w i t h  a DC b i a s .  The ap-  
0 '  pearance of a  d i s s i p a t i o n  f a c t o r  rninirnurl~ e f  .019 (see F igure  7) a t  about  -105 C 
L 
( the  approximate f r e e z i n g  temperature)  w i t h  an a s s o c i a t e d  p e r m i t t i v i t y  of  about  
45 i s  encouraging.  Unfor tuna te ly ,  wl thou t  t h e  b i a s ,  t h e  l o s s  was i n c r e a s e d  by a 
f a c t o r  of 3 o r  more, The mixture  of l - n i t r o p r o p a n s  and i sopen tane  was used i n  an  
a t tempt  t o  lower t h e  . f r e e z i n g  tempera ture  of  t h e  n i t ropropane .  Down t 3  q u i t e  low 
- 
temperatures i sopen tane  and n i t ropropane  a r e  m i s c i b l e  i n  a l l  p r o p o r t i o n s .  How- 
e v e r ,  a t  j u s t  below t h e  f r e e z i n g  tempera ture  of t h e  n i t r o p r o p a n e ,  t h e  i sopen tane  
s e p a r a t e s  ou t  and t h e  r e s u l t s  r e p o r t e d  a r e  probably those  f o r  l - n i t r o p r o p a n e .  A 
number of measurements were made w i t h  a l c o h o l s  a l s o .  For b u t y l  a l c o h o l  a maximum 
va lue  of  E ' =  11 w i t h  t a n  d = . I06 was ob ta ined .  The l a v e r  a l c o h o l s  have h i g h e r  
p e r m i t t i v i t y  b u t  a l s o  much h i g h e r  l o s s e s .  
It is recognized t h a t  p u r i t y  and d ryness  may be v e r y  impor tant  as demonstrated 
by Prof .  l a  Coste a t  t h e  U n i v e r s i t y  of Toulouse i n  France.  Attempts were made t o  
d r y  and p u r i f y  l -n i t ropropane  by d i s t i l l i n g  i t  over  P 0 T e s t  r e s u l t s  over  t h e  2 5 .  
f u l l  temperature range f a i l e d  t o  show any dec rease  i n  d i s s i p a t i o n  f a c t o r  a s  com- 
pared t o  t h e  undried m a t e r i a l .  Perhaps t h e  d r y i n g  was unsuccess fu l  o r  t h e  l i q u i d  
picked up mois ture  a s  i t  was t r a n s f e r r e d  t o  t h e  maasuring c e l l  which a l s o  had been 
c a r e f u l l y  d r i e d .  
During t h e  s t u d y  of t h e  d i e l e c t r i c  l i q u i d s ,  L. J. Hogue sugges ted  t h a t  some 
v e r y  newly developed s i l i c o n e  l i q u i d s  w i t h  which he was working might have i n t e r -  
e s t i n g  p r o p e r t i e s  a t  low tempera tures .  A s e r i e s  of t h r e e  of  t h e s e  l i q u i d s  were 
measured a s  a  f u n c t i o n  of tempera ture  w i t h  r e s u l t s  g iven  i n  F i g u r e s  20 and 21, 
While the  maximum p e r m i t t i v i t y  of t h e  s i l i c o l l e s  i s  less than  t h a t  f o r  l - n i t r o p r o -  
pane, t h e  d i s s i p a t i o n  f a c t o r  i s  v e r y  low a t  t h e  minimum a s s o c i a t e d  w i t h  t h e  capac-  
i t a n c e  peak a s  summarized below: 
*However, the  v o l t a g e  may have  reappeared w i t h  t h e  m a t e r i a l  a c t i n g  as a n  e l e c t r e t .  
This  v o l t a g e  may have been respons ib le  f o r  t h e  subsequent  f a i l u r e  of t h e  a u t c -  
matic  b r idge .  
XF- 1105 
- 
0 Temperature C 
Figure 20. Permittivity, 6' vs Temperature Hi-K Silicone Liquids 
1. igure 21. Dissipation Factor, tan d ve Temperature Hi-K Silicone 
Liquids 
0 S i l i c o i l ~ .  NO. 
- 
Temp , C - Pcrnii t t i v i  t y  -. D i ~ s l . ~ : i o t l  Fnc to r  
XF 1150 above -35 21.5 l e s s  than ,005 
XF 1175 -4 7 14 ,0005 
XF 1105 -83 6 ,0009 
/ 
Unfortunatxly, the s i l i cone  l iquid  t . i th  the higl-.est& a l s o  freezes a t  the highest  
temperature, Isopcl~tane is  nliscible with the s i l i cone  l iquids  throughout the 
temperature range even as  they f reeze ,  Unfortunately a combination of s i l i cone  
and isopcntane was not measured i n  the l iquid  c e l l ,  However, measurements have 
been made of such a mixture as  an impregnant fo r  a small capaci tor .  
Wound Capacitors 
1 
Generally, i t  i s  possible t o  "stack" capaci tors  aven with b r i t t l e  insu la t ing  
film. As described i n  Table X, two small capaci tors  were made i n  t h i s  way using 
96 f i lm,  However, i t  was ul t imately possible t o  r o l l  even #6 f i lm.  Permi t t iv i ty  
f o r  the capaci tor  d i e l e c t r i c s  was calculated from the measured capacitance and 
the dimensions of the ro l led  area ,  Consequently , the permi t t iv i ty  depended t o  
some extent  on the mechanical "t ightness" t o  which the insula ted  f o i l  could be 
wrapped around the support (usually a Teflon or  phenolic-paper rod o r  tube),  As 
s k i l l  developed, the mechanical construct ion was improved, However, a l l  of the 
* 
values f o r  G i n  Table X a re  r e a l l y  est imates  f o r  rough comparison. The r e l a -  
t i v e  values f o r  the same capaci tor  a t  d i f f e r e n t  temperatures can be compared more 
c lose ly  . 
The influence of 1-nitropropane and the s i l i cone  l iquids  on the tan  d and 
h' of the powdered f e r r o e l e c t r i c  coatings (#6, #7 and 19) and on three types 
of paper i s  shown i n  Table X,  From the curves f o r  the l iquids  by themselves 
(Figures 9 ,  LO, 20 & 21) i t  i s  apparent tha t  naxima should occur i n  tan c( and 
e' f o r  impregnated capaci tors .  From Table X i t  is obvious tha t  they d,,. The 
eu:ves of t a n &  and 6' versus temperature can become q u i t e  complicated as  il- 
I *  s t r a t ed  i n  Figure 22 f o r  capaci tor  B (Table X) with nitropropar;: + Lsopentane 
as the impregnant. I t  should be rerwnbered tha t  isopcntane separates  a8 the 
nitropropane freczcs.  The isopentane remains as  a l iquid  surrounding the crys-  
t a l s  of frozen nitropropane. The l iquid  phase appears t o  increase the e l e c t r i c  
s t rength.  As with the nitropropane l iquid  by i t s e l f ,  high values of 6 ' are 
achieved only with associated high values af tan[. , 
Table )( 
DISSIPATION FACTOR AND l?EWII'l''rlVITY 
- "- - 
Small Capacitor Specimens 
Liquid 0 Capacitor Coating Temp. C & 
A 1/6* N i  t rogen -136 ,0019 
B 1,6* 1-ni t ropropane + -196 , 0020 
isopentane 3:1 - 14Q .0035 
-105 .30 
XF-1150 Silicone -196 ,002 
- 35 . 05 
XF-1125 Silicone -196 .005 
- 72 .045 
- 62 , 105 
XF-1105 Silicone -196 .0012 
+ isopentane, 4: 1 -1 15 ,0104 
- 88 ,0025 
F .OOlt'-0. 9 1-zitropropane + -196 .011 
density ce l -  isopentane, 3 : l  -155 .I87 
lulose paper -105 1.05 
G ,002" Schweitzer -196 .002 7 
MX-pape r 1-nitropropane -108 05 
H .002" Nomex 1-ni tropropane -196 .01)22 
Paper -156 .0082 
-104 ,294 
i .002" Schweitzer -103 .0093 
MX-paper XF-1105 Silicone 
+ isopentane, 4 : l  
s t a c k e d  capacitor.  A l l  others are rot led.  

Results  f o r  capac i to r  C are p l o t t e d  i n  Figure 23 and f o r  Capacitor  D i n  
Figure 24. By coll~parison w i t 1 1  Figure 20 i t  i s  apparent  t h a t  the  minimum i n  t an  d 
occurs a t  about the  same terilperature when s i l i c o ~ ~ e  l i q u i d s  a r e  used a s  impreg- 
nants as  f o r  the  l i q u i d s  alone.  The sharpness of these  niinin~a w i l l  make the  
con t ro l  of temperature very important i f  a capac i to r  i s  t o  be designed t o  operate  
i n  the  range of the  tan 6 minimum. Of course ,  n i t rogen  alone can be used a s  an 
impregnant and i t s  temperature is  con t ro l l ed  pr imar i ly  by b o i l i n g  a t  atmospheric 
pressure.  
Three paper d i e l e c t r i c s  were impregnated with  1-nitropropane and XF-1105 
s i l i c o n e  f l u i d  (see Table X ) ,  Both l i q u i d s  were a l s o  used i n  combination wi th  
isopentane. As noted e a r l i e r ,  the isopentane impregnates the  c r y s t a l s  of frozen 
nitropropane. With the  s i l i c o n e  f l u i d s ,  the  add i t i on  of isopentane depresses  
the  f reez ing  po in t  s o  t h a t  the conlbination appears t o  f r eeze  t o  a g l a s sy  r a t h e r  
than a c r y s t a l l i n e  s o l i d .  
From the r e s u l t s  i n  Table X i t  is apparent t h a t  a s u f f i c i e n t l y  high permit-  
t i v i t y  t o  be i n t e r e s t i n g  i s  not achieved when the  l i q u i d s  a r e  used as impreg- 
nants  f o r  paper except f o r  ni tropropane wi th  duPont Nomex (an aromatic polyamide 
# 
f i l m  paper).  I n  t h i s  case  a value  of E = 38.5 was achieved but the  assoc ia ted  
value of tan  6 is  high.  
Measurements were made i n  some cases  a s  a func t ion  of frequency bu t  f o r  ca-  
0 p a c i t o r s  only a t  -196 C i n  l i q u i d  ni t rogen.  Rather t y p i c a l  r e s u l t s  a r e  shown i n  
Table X I .  While t he  changes a r e  smal l ,  the  e f f e c t  of the  d ipo le  na ture  of the  
d i e l e c t r i c  i s  obvious. S imi la r  and l a r g e r  changes have been measured f o r  n i t r o -  
propane and the  s i l i c o n e  l i q u i d s  near  t h e i r  f r eez ing  temperatures. 
Attempts were made t o  measure the  r e s i s t i v i t y  of the  capac i to r s  a t  500 v o l t s  
DC. Unfor tuna~e ly ,  capac i to rs  A, B, and C f a i l e d .  This f a i l u r e  has been a t t r i -  
buted t o  imperfections i n  the  f i l m  (see e a r l i e r  r e s u l t s )  but  f a u l t y  cons t ruc t ion  
may have been involved a l s o .  With the  remainder of the  capac i to r s ,  the  leakage 
r e s i s t ance  a t  low temperatures was t o o  high t o  measure (above 1015 ohms) o r  i n  
some cases was e r r a t i c  and va r i ab l e .  
crpa. ; t : :e e 
Figure 23. Capacitance, e t  and Dirripation Factor, tan 6, vr Temperature 
Wound Capacitor with #6 Ceramic Coating + Silicone 
- 180 -160 - 140 - 120 -100 - 80 -00 -40 -20 
Temperature C 
- Figure 24. Permittivity, 6 '  , and Dissipation Factor, tan , vs Temper- 
ature Stacked Capacitor - /I7 Ceramic Coating + 1105 Silicone 
Table X I  
AC CHARACTERISTICS VS . FFEQUENCY 
Stacked Capacitor A - ,0025 in. #6 Coating on .0002SU foil 
In Liquid Nitrogen at - 1 9 6 ~ ~  
Frequency 
Hz 
100 
Capacitance I 
pF e' tan 6' 
4766 20.2 ,00135 
4757.8 20 . 2 
I 
,00168 
4753 . 5 20.1 .00189 
4748,8 20.1 ,00194 
4742.9 20.1 .00170 
4739.7 20e1 ,00152 
A vol tage atrcss of about 1500 v o l t s  per mil was held  on capac i to r  BE f o r  ' 
over an hour without: f a i l u r e  but i t  f a i l e d  a t  about 1800 v o l t s  per  m i l  when the  
vol tage was increased.  The i n a b i l i t y  t o  ob ta in  good vo l t age  performance led t o  
the  s t u d i e s  described e a r l i e r ,  Voltage breakdown t e s t s  were not  attempted with  
C 
capac i to rs  F, G and L s ince  t h e i r  values  of were t oo  low t o  be of i n t e r e s t  
i n  t h i s  program. 
Anodic Coatings 
I n  the  var ious  types of e l e c t r o l y t i c  c a p a c i t o r s ,  the  i n t r i n s i c a l l y  high 
e l e c t r i c  s t r eng th  and the  l a rge  su r f ace  of  oxide f i l m  on base metals  such as 
aluminum are u t i l i z e d .  Ts achieve e l e c t r i c a l  con tac t  wi th  the  l a rge  su r f ace  a r e a  
i t  i s  :necessary t o  use a l i q u i d  o r  "solid" e l e c t r o l y t e  aga ins t  the  sur face  of 
the  oxide. The e l e c t r o l y t e  in t roduces  r e l a t i v e l y  high d f e l e c  t r i c  l o s s  and con- 
t r i b u t e s  t o  l i m i t a t i o n s  i n  o v e r a l l  e l e c t r i c  s t r eng th .  Nevertheless,  the  energy 
s to rage  dens i ty  i n  e l e c t r o l y t i c  capac i to r s  is  very  high.  
., A concept was advanced t h a t  i t  might be poss ib le  t o  achieve a h igher  e l e c -  
t r ic  s t r eng th  i n  oxide f i lms a t  low temperatures s i n c e  the  in f luence  of moisture 
would be "frozen" out .  To a t t a i n  a good contac t  t o  the  anodic f i lm,  the  use of 
h igh p e r m i t t i v i t y  l i q u i d s  was proposed. Since the  p e r m i t t i v i t y  of the  oxide 
f i l m  is lw, most 'of the  vo l tage  shculd appear ac ross  the  oxide f i lm.  
To obta in  a wide v a r i e t y  of anodic coa t ings  would have exceeded the  capa- 
b i l i t y  of t h i s  program. In s t ead ,  one type of anodized f o i l ,  used i n  conventional  
e l e c t r o l y t i c  capac i to r s ,  was obtained and washed i n  d i s t i l l e d  water. Both 
1-ni  tropropane and XF-1150 s i l i c o n e  were used as  impregnants . The p e r m i t t i v i t y  
a t t a i n e d  a t  - 1 0 5 ~ ~  was est imated a t  about 10 o r  less and the  values  of t a n  6 
i 
were high, It was obvious t h a t  more time was needed f o r  more in t ens ive  s tudy  
than was j u s t f f i e d  by the  r e l a t i v e l y  u n i n t e r e s t i n g  r e s u l t s  obtained.  The pro- 
i 
i 
gram on anodic f i lms  , t he re fo re ,  was discont inued.  
1 
PHASE B - CItYOGENIC CAPACITOR I'ERPOP\MANCE ESTIEL4TES 
---I-- * - 
In this section we have estimated the cxpccted performance of cryogenic 
capacitors based on the values of dielectric constant and voltaze stress obtained 
in the experimental prograni, By performance, we mean essentially energy density, 
size and weight of the package including refrigeration. The refrigeration capa- 
city is governed by the total system losses, which include dielectric losses in t 
I 
f 
the capacitor itself, lead losses, and conduction losses through the cryogenic 
vessel, i 
Zdpaci tor Parameters 
Although the results of the experimental program are somewhat tenuous in 
terms of firm predictions of what can actually be achieved in capacitor systems, 
we have chosen three levels of parameters, in terms of relative confidence of 
achievement. The parameters pertinent to these levels are listed in Table XI1 
below, where three confidence ratings are chosen as probable, possible and opti- 
mistic. In Table X I 1  we also list the dielectric constant, voltage stress 
1 achievable, and the resulting theoretical energy density; i.e., 2 4 E 2 
TABLE XI1 
Confidence Voltage Dielectric Loss Theoretical 
Case 
-
Level stress- mil - Constant Tangent Energy Density 
Joules/cu in 
1 Probable 1500 40 0.004 21 
2 Possible 2500 40 0,001 60 
3 Optimistic 2500 80 0,001 120 
Whether or not these levels can be achieved remains for more experimental 
work. Therefore, this section essentially defines the payoff which might result 
if these properties could be achieved. Estimates of vessel size - heat loads, 
etc, have been made for cases 1 and 2 (only) above, and are summarized below. 
Performance Results 
The theoretical energy densities above, of course, must be de-rated since 
the volume referred to is strictly the volume of dielectric itself, Electrode 
-59: 
material ,  supports, leads,  and other  factors will decrease the ac tua l  energy 
densi ty  t o  be rrchieved, LI Therefore, we have de-rated thc  theore t i ca l  e n e r a  
I 
% dens i t i e s  by a fac to r  of 2 t o  allow f o r  the densi ty  of a p r a c t i c a l  capaci tor  
f -.- 
me In  addi t ion  t o  t n a t  volume, we have addcd ex t ra  volume f o r  the dewar 
system, as discussed l a t e r ,  The method of ca lcu la t ing  l o s s  i n  the  capaci tor  
i s  discussed i n  a l a t e r  sect ion,  This loss ,  of course, is r e l a t e d  t o  the  duty 
cycle  and we have calculated the  t o t a l  losses  as a function of duty cycle  f o r  
a number of assumed energy l e v e l s  ranging from 20 t o  200 k i lo joules ,  The r e s u l t s  
a r e  shown i n  tabular  form i n  Tables X I I I  and XIV.  Tables XIII and XIV give the  
capaci tor  volume, the  dewar dimensions, and a breakdown of the  losses  f o r  var ious 
assumptionc, In  t h i s  tab le ,  t h e  dewar dimensions have been ca lcula ted  assuming 
a r i g h t  c i r c u l a r  cyl inder  of height  approximately 4 times the  diameter, Th i r ty  
percent of the dewar height is  taken up by the  neck, A s  can be seen from Tables 
XIII and XIV, the  energy deposited i n  the  leads by r e s i s t i v e  heat ing is  an impor- 
t a n t  load, I n  t h i s  case, the leads were ca lcula ted  i n  such a way t h a t  the  steady 
s t a t e  background heat  l o s s  t o  the  dewar was kept a t  a reasonably low value, s ince  
presumably, t h e  duty cycle  would be random, and it  is bes t  t o  minimize t h i s  loss 
while accepting a sornewha t higher loss during discharge, This trade-off could 
be changed i n  many ways, depending on the  p a r t i c u l a r  appl ica t ion  and duty cycle ,  
Fig, 25 shows estimated r e f r i g e r a t o r  s i z e s ,  weights and c o s t s  f o r  var ious hea t  
loads, These data  were taken from mandfacturers spec i f ica t ions .  
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Figure 25. Performance Parameters for Coamercial 
Nitrogen Refrigerators 
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Rafri#eration Capacity at 75  K ,  Watt 
For the smaller heat loads and f o r  t e r r e s t r i a l  appl5cations,  i t  is  c l e a r  
t h a t  the use of bulk nitrogen a s  a re f r ige ran t  would be most e f f i c i e n t  and 
i 4 
convenient. However, mechanical r e f r i g e r a t o r s  a r e  avai lab le  and could be 
I 
i 
. $ 
coupled t o  the system i f  desirablc .  Wtile a complete range of values is not 
i plot ted ,  i t  is of i n t e r e s t  t o  examine two extremes i n  the matter of capaci tor  
I 
, ! weight, r e f r i g e r a t o r  weight and nitrogen volume requirements, should t h e  l ~ t t e r  
be used a s  a batch coolant. In  order to  pick two extxede cases,  we have taken 
0. 
i 
1 the smallest  capaci tor  and the  l a r g e s t  capaci tor  i n  each tabul.ation. The weight 
of the capaci tor  i s  calculated by using a n  overa l l  densi ty  f igure  of 0.061) per 
cu. in. (1.6 grams per cc),  which r e s u l t s  from the  use of a densi ty  of 2.5 f o r  
the  capaci-tor mater ial  i t s e l f ,  and a densi ty  of 0.8 f o r  the nitrogen which f i l l s  
i 
1 the  space between the capaci tor  uni t s .  Table XV below shows the r e s u l t s  of t h i s  i '  
analysis .  
Refrigeration Data Based 09 One Discharge/min-average 
Total  
Dewar Refrigera t o r  Capacitor 
Energy Volume Volume Weight 
cu. in.  cub in. pounds 
Case 1 
Case 2 
40 
Refrigera t o r  Nitrogen 
Weight Consumption 
pounds ~i t e r s / h r  
* 
* Specif ic  g rav i ty  of LN2 is  0.8 
Dewar Configuration -
The capacitors and liquid nitrogen bath tiill be contained in an insulated 
vessel or dewar. It was assumed that the capacitor bank would be in the form 
of a rectangular solid, with thc long dimension in the vertical directioti, and 
with a square horizontal cross-section. The vertical dimension was assumed to 
be three times the side of the square cross-section. The dewar was assumed 
circular in cross-section, and was just large enough in diameter to contain the 
capacitor bank. The walls of the det-~ar extended abave the top of the capacitor I 
bank by one-third the vcrtical dimension of the capacitor bank, This extension 
was to permit filling of the dewar with liquid nitrogen above the capacitor level i 
and to reduce heat load due to conduction down the neck walls. 
The follotqing sources of heat leak into the system were conside--ed: 
(1) Conduction down the electrical conductors 
(2) Conduction and radiation through the dewar insulation 
(3) Conduction down the dewar neck 
(4) Radiation through the dewar neck 
Dewar insulation will likely consist of either vacuum with no radiation 
shielding, or vacuum with "multi-layer1@ radiation shielding. The latter will be i 
used if the additional expense can be justified by the need to conserve Liquid 
nitrogen, or to reduce the size of refrigerator used. A one-inch thickness of 
multi-layer radiation shielding, with a thermal conductivity of 3 rnicrowatt/cm%, 
was assumed for these calculations. 
Conduction was also assumed to take place through the inner wall of the dewar 
neck, which extends from the room temperature environment at the top, down to the 
liquid nitrogen level at the bottom. In order to make removal of the capacitors 
easy, the neck diameter was designed as large as the rest of the dewar. The small 
increase in heat load resulting £ram the large neck diameter was considered justi- 
fied by the increased ease of maintenance. The neck wall was taken to be 0.030 in. 1 
! 
thick stainless steel. 
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Kadiat ion fro111 roorrl teinperaturc t o  the l iquid  rli trogcn l eve l  through the 
neclc was assumed negl ig ib le ,  s ince radiatior.  can be reduced considerably by 
inse r t ion  of horizontal  rad ia t ion  sh ie lds  o r  baf f les .  I f  t h e  system i s  not 
r e f r ige ra ted ,  then the boil-off nitrogen w i l l  cool these ba f f l e s ,  f u r t h e r  
reducing the radia t ion  heat load. 
Losses 
I n  order t o  evaluate both d i e l e c t r i c  and lead losses ,  the mode of dis-  
charge must bc specif ied.  In  the  NASA metal forming appl ica t ion ,  a  damped 
o s c i l l a t o r y  discharge is used with approximately 70% reversal .  The c i r c u i t  is 
allowed t o  r i n g  down completely. This is a  r e l a t i v e l y  severe condition from 
the point of view of losses.  For a discharge of t h i s  nature,  the  load current  
is given by the  expression: 
I = I  e - t / 7  
P 
sin w t  
where 
E = capaci tor  voltage 
L = Load inductance 1 
w = natura l  frequency = 
1 
LC 4L 
7 = 2LIR damping time constant 
Using t h e  condition of 7077 reversa l  i t  is possible  t o  show from 
equation (1) 
Die lec t r ic  Losses 
The d i e l e c t r i c  losses  per discharge are given by: 
- J '' tan a dt *D - wc 
C = Capacitance 
t an  6 = Loss tangent 
Using (I) i t  is  poss ib le  t o  show t h a t  
Then t h e  l o s s e s  a r e  
t2 
_ h  - 7 
UI,-- Uic 4 .  tan 6 
By manipulat ing the  above equat ion and us ing  UJ 7 = 8 i t  is poss ib le  t o  
show t h a t :  
U D =  4W t a n 5  
where W is the  t o t a l  s t o red  energy. 
This equat ion has  been used t o  c a l c u l a t e  t h e  d i e l e c t r i c  losses .  
Lead Losses 
The lead  design is  a compromise between s teady  s t a t e  conduction of h e a t ,  
f o r  which a small  conductor a r e a  is  des i red ,  and r e k s t i v e  heat ing,  f o r  which 
a l a r g e  conductor a r ea  i s  des i red .  The lead area c c ~ l d  be optimized f o r  a 
p a r t i c u l a r  duty cycle .  Here we w i l l  merely g ive  sorne example ca l cu l a t i ons .  
Therma 1 Conduct ion 
I n  order  t o  eva lua te  t h e  them-a1 conduction loss., we use  t he  equat ion 
rF - 
Q = l o s s ,  w a t t s  TI 
A = Area, c m  2 
4 = Length, cm 
k = Thermal conduct ivi ty ,  watts/cm-deg C 
The thermal conduc t iv i ty  v a r i e s  wi th  temperature in t h i s  expression.  Values 
of the . therma1 conduc t iv i ty  i n t e g r a l  are tabula ted  i n  t he  l i t e r a t u r e ;  the  va lue  
for  copper between 77 K and room temperature is 934. 
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In order to have the steady state conduction loss at a level which is 
comparable to the dcwar loss an arbitrary value of one watt per lead will be 
assumed. 
The lead length must be approximately 75 cm for the dewar design chosen. 
2 Using these values yields a lead area of 0.08 cm . 
Resistive Losses 
The resistive losses in the lead are given by 
By combining the following relationships: 
It is possible to show that 
and 
- 4 s  w42 p l  UR - - -
E ~ E  A 
This is a useful relation since it shows how the resistive losses scale 
with stored energy. 
Lead losses have been calculated using the following typical values, 
W = 20,000 joules 
L = 50 microhenries 
P = 0.8 x log6 ohm cm 
The resistivity taken is half that of copper at room temperature, since the 
end of the lead at liquid nitrogen temperature will have approximately 1/8 its 
room temperature resistivity, 6 7 -  
The above values give a lead l o s s  of 
90 ~ o u l e s / l c a d  
180 Joules/discharge 
Equation (9) shot-rs t h a t  the r e s i s t i v e  losses  increase as the 3/2 power of the 
s tored energy. It is  probable t h a t  the load inductance w i l l  a l s o  increase 
making the r e s i s t i v e  losses  vary nearly d i r e c t l y  with the energy. The capa- 8 
c i t o r  voltage may s t a y  near ly  constant a t  i ts  maximum p r a c t i c a l  value. 
. For purposes of the present ca lcula t ion  i t  w be assumed t h a t  the con- 
duction losses  a r e  kept a t  a constant f r a c t i o n  of the vesse l  losses  by using 
l a rge r  a rea  leads a t  higher energy leve ls .  The f r a c t i o n  W 3 ' 2 / . w i l l  be 
assumed constant,  r e f l e c t i n g  the  f a c t  t h a t  l a r g e r  loads w i l l  undoubtedly have 
l a r g e r  inductance. Hence, the  lead r e s i s t i v e  loss  w i l l  be a smaller f r a c t i o n  
of the  t o t a l  a t  higher l e v e l s  of energy storage.  
APPENDIX A 
Composition of F e r r o e l e c t r i c  Powder Coatings 
(NOTE: Each coa t ing  contained 4 drops of T r i t on  X-100 and 
GE Si l i cone  Anti-foam 4/60) 
Coating #I 
15 c c  - Car t e r ' s  Glue 
33 c c  - Glycerine 
337 gm - Ti0  
79 gn - S ~ T ~ O ~  
72 c c  - Water 
Poor Adhesion t o  
Aluminum F o i l  
Coating !I2 
31 c c  - '  Car t e r ' s  Glue 
33 cc  - Glycerine 
337 gm - 
79gm - Tiof S r T 0 3  
60 c c  - Water 
Improved Adhesion 
Coating 83 
34 c c  - Car t e r ' s  Glue 
33 c c  - Glycerine 
337 gm - SrTi03 
79 gm - Ti02 
65 c c  - Water 
Poor Adhesion t o  
Aluminum Foi 1 
Coating #6. 
15 c c  - Swif t  /I2266 P ro t e in  Col loid  
10 c c  - Glycerine 
320 gm - SrTi03 
80 gm - Ti02 
100 c c  - Water 
Coatinp; #7 
15 c c  - Swif t  #2226 P ro t e in  Col loid  
10 cc - Glycerine 
500 gm - BaTi03 
90 c c  - Water 
Coating 418 
Same a s  coa t ing  #7 with 
g lycer ine  omitted.  
Coating d i d  not  con ta in  g lycer ine  
and could not  be coated smoothly. 
Coated s a t i s f a c t o r i l y  when glyc-  
e r i n e  was added. 
APPENDIX A (Cont ' d . ) 
Coating 19  
15 cc  - Swift /I2226 Protein Colloid 
10 cc  - Glycerine 
400 gm - SrTi03 
90 cc  - Water 
Coating I10 
15 cc - Swift 82226 Protein Colloid 
65 c c  - 2.5% Polyvinyl Alcohol (PVA) i n  Water 
33 cc  - Glycerine 
420 gm - SrTi03 
75 cc  - Water 
Coating 1/11 
20 cc  - Swift /I2226 Protein Colloid 
70 c c  - 3% Polyvinyl Methyl Ether (PME) i n  Water 
10 cc  - Glycerine 
470 gm - SrTi03 
90 cc  - Water 
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